Expansive additive is well known to be effective in compensating early-age shrinkage and the resultant induced stress in reinforced high-strength concrete (HSC) members. On the other hand, there have been few studies on numerical analysis methods for evaluating such early-age induced stress, which are vital to verify the risk of cracking. The present study formulates a 3-dimensional finite element method as well as a practical calculation method based on the beam theory, both of which consider the principle of superposition and linear stress-strain relationship of creep, in order to evaluate the early-age shrinkage/expansion-induced stress in reinforced members. The applicability of the proposed methods is evaluated by comparing computed values with experimental values on shrinkage/expansion-induced stress in RC beam specimens composed of various HSCs, using expansive additive and/or shrinkage reducing chemical agent and/or low-heat Portland cement. The results demonstrate that the proposed finite element method can accurately simulate induced stress in the reinforced concrete beams, even when expansive additive is used, and this indicates that the linear stress-strain relationship may be valid for expansive high strength concrete. Furthermore, there is a good agreement between the finite element method and a practical calculation method based on the beam theory, even in the case of RC beams with stirrups that cause a three-dimensional restraint condition in concrete.
Introduction
The development of superplasticizer and the widespread use of supplementary mineral powders such as silica fume and granulated blast-furnace slag have enabled the provision of high-strength and/or high-flowability concrete. High-strength concrete (HSC) has been widely studied over the last decade and has been increasingly applied in order to enhance the durability and structural performance of concrete structures. However, such low water-to-binder ratio concretes have already been known to shrink significantly at early ages, which is likely to be caused mainly by autogenous shrinkage (self-desiccation shrinkage), and frequently exhibit increased sensitivity to early-age cracking (Paillere et al. 1989; Tazawa et al. 1992a; Schrage et al. 1992; Tazawa et al. 1994) . In addition, some authors have experimentally demonstrated that autogenous shrinkage has a bad influence on the structural performance of reinforced concrete (RC) members under service load conditions (Tanimura et al. 2001a; Tanimura et al. 2002a; Sato et al. 2003) , which results in degradation of the durability of concrete structures.
Control of cracking in RC members is always a matter of concern because the durability of concrete structures often declines with crack formation. HSC is expected to yield more durable structural members, and more severe control of cracking for HSC compared to traditional concrete is essential. Thus, the establishment of a technique for minimizing autogenous shrinkage in HSC has been an important task.
Recently, experimental investigations on controlling autogenous shrinkage have been carried out comprehensively from the material point of view (JCI 1999a) . These studies revealed that expansive additive (Tazawa et al. 1992b; Hori et al. 1998; Tanimura et al. 2000; Schwartzentruber et al. 2002) , shrinkage-reducing chemical agent (Tazawa et al. 1992b; Weiss et al. 1999; Tanimura et al. 2000; Holt et al. 2000; Bentz et al. 2001; Berke et al. 2003) , as well as Portland cement containing higher C 2 S content and lower C 3 A or C 4 AF content (Tazawa et al. 1995) are effective for reducing autogenous shrinkage. Additionally, the effect of the combination of the above-mentioned materials on reducing autogenous shrinkage has been investigated, and HSCs with lower risk of early-age cracking have been developed (Ogawa et al. 1995; Chikamatsu et al. 1997; Sato et al. 1999a; Kameta et al. 2000; Tanimura et al. 2000; Hori et al. 2001; Tanimura et al. 2001b; Tanimura et al. 2002b) . Very recently, techniques called internal water curing of concrete, which enable counteracting self-desiccation by partly replacing normal weight aggregate with pre-saturated lightweight aggregate or adding super-adsorbent polymer particles as concrete admixture, have been reported (Bentur et al. 2001; Jensen et al. 2001; Jensen et al. 2002) .
However, only a few studies to evaluate induced stress in RC members using shrinkage-reducing materials have been performed, and there have been few reports on numerical analysis methods for calculating induced stress due to early-age deformation (Tsutsui et al. 1996; Sato et al. 1997; Sato et al. 1999b) , although the establishment of such methods is vital to verify the risk of cracking, as well as the serviceability performance of RC members (JSCE 2002; Sato et al. 2003) . There have been particularly few analytical investigations on early-age induced stress in HSC containing expansive additive. Pointing this area, Sato et al. (Sato et al. 1999a ) carried out two-dimensional finite element analysis based on the effective modulus method considering the principle of superposition and the age at application of load on creep in order to evaluate early-age shrinkage/expansion-induced stress in RC beams. A comparison of the computed values with the measured values indicated the necessity of adopting stricter creep analysis methods and actual creep coefficients.
Against the above-described background, the present study aims to evaluate the effect of shrinkage-reducing materials on control of autogenous shrinkage induced stress in RC members, and also to propose a relevant numerical analysis method based on a step-by-step procedure (Neville et al. 1983) considering the principle of superposition and the age at application of load on creep for calculating early-age shrinkage/expansion-induced stress. For this purpose, RC beam specimens consisting of various HSCs with a low water-cement ratio, using expansive additive and/or shrinkage reducing chemical agent and/or C 2 S-rich Portland cement, and subjected to early-age induced stresses, were experimentally evaluated. At the same time, Young's modulus and creep coefficients were measured and modeled based on CEB-FIP Model Code MC90 in order to apply numerical analysis. The applicability of the proposed method was demonstrated by comparison with the experimental values.
On the other hand, Tsuji (Tsuji 1980 ) suggested a convenient method for estimating the strain/stress of reinforcing bars in RC members made of expansive concrete, based on the hypothesis that the quantity of work per unit volume by expansion is constant. The applicability of this hypothesis has been shown for normal-strength expansive concretes, which have marked nonlinearity behavior, whereas verification for HSC with stiffer structure has been insufficient. This study, therefore, also draws a comparison between the proposed method and the hypothesis suggested by Tsuji, in the HSC field.
Analysis method
2.1 Finite element analysis 2.1.1 Basic equation for superposition principle of creep strain The sum of elastic and creep strain in concrete is proportional to a sustained load under ordinary service stress level. The strain by volume change is superposed on the stress-induced strain.
Hence, a uniaxial strain-stress relationship of concrete with deformation and stress history can be expressed as: 
where, t : temperature adjusted concrete age,
number of days where a temperature T ( o C) prevails, 0 T =1℃ The difference of strain at i-th time interval and (i-1)-th time interval introduced by Eq. 1 is given by:
where, ( ) ：incremental free strain due to temperature change and shrinkage or expansion of concrete in the x-axis at i-th time interval.
According to Eq. 3, when the stress and the strain until (i-1)-th interval are known and an incremental strain 
Consequently the stress at i-th interval , ( ) 
Based on the superposition principle of strain, Eq. 4 leads to the following 3-dimensional expression assuming isotropic property: A schematic diagram of the proposed equation is shown in Fig. 1. 
Formulation of incremental finite element equation
Based on the principle of virtual work, the following equation is obtained:
where, { } ∆P : load vector, { } 
where, { } i c ∆v : displacement at i-th interval, [ ] B : strain-displacement matrix derived from the assumption of isoparametric 8-node, 6-hexaheron element with one dimensional shape function.
Substituting Eq. 7 into Eqs. 6, 8,and 9 results in: 
∆T,as,ds c,28 : local stiffness matrix. The global stiffness matrix is constructed for the finite element (FE) method from local stiffness matrices according to the assembly principle, and nodal force and nodal displacement are obtained by solving the following simultaneous linear equation:
where, { } 
Beam theory
In this section, a model based on the beam theory is proposed as a practical calculation method for stress analysis in a beam specimen. This proposed model deals with a beam that has two different depths of reinforcing bars. The basic concept for creep strain is the same as that of the FE analysis mentioned in section 2.1 above.
Eq. 3 can be expressed with the following compliance function: 
where,
,28
The concrete strain at the upper (compressive side) and lower (tensile side) reinforcing bars is obtained by the following equations: Fig. 2 .
On the other hand, the conformity principle of strain is given by:
Hence, combining Eqs. 16, 17, 18, and 19 results in the following equation with matrix form:
According to Eq. 21, the incremental stress of concrete and reinforcing bars at the i-th interval is obtained when the histories of the incremental stress, the incremental deformation until (i-1)-th interval, and the incremental deformation at i-th interval are given. Table 1 lists the materials used for the experiments and Table 2 lists the mixture as well as air content, slump flow, and temperature just after mixing.
Experiments and materials

Materials and mixture proportions
NC1, NC2, NC3 and NC4 designate reference high-strength and highly flowable concrete made using ordinary Portland cement. These four types of concrete differ by their aggregate quality and water-to-cement ratio. NE-CSA represents concrete with an expansive additive of the calcium-sulfoaluminate type (E-CSA). NS designates concrete with a shrinkage reducing agent (S). NES-CSA, NES-CSA-S1 and NES-CSA-S2 designate concrete containing both E-CSA and S. LC designates concrete with low-heat Portland cement (L), and LE-CSA, LS, and LES-CSA correspond to concrete consisting of L with E-CSA, S, and both E-CSA and S, respectively. NC1, NE-CSA, NS, NES-CSA, LC, LE-CSA, LS, and LES-CSA use the same quality of aggregate and constitute the B1 series. NES-LIME designates concrete with an expansive additive of the lime type (E-LIME) and shrinkage reducing agents. NES-LIME has the same quality of aggregate as NC2. NC2 and NES-LIME constitute the B2 series. The group with NC3 and NES-CSA -S1, and the group with NC4 and NES-CSA-S2 are constitute the S1 series and S2 series, respectively. In both the B1 series and B2 series, 40 kg/m 3 of expansive additive and 6 kg/m 3 of shrinkage reducing agent are used when they are included. NES-CSA-S1 and NES-CSA-S2 have 30 kg/m 3 of expansive additive as well as 6 kg/m 3 of shrinkage reducing agent. HC has a water-to-binder ratio of 0.25 with 60 kg/m 3 of silica fume.
Testing procedures 3.2.1 Mechanical properties of concrete
The strength of compressive cylinders of concrete with a specimen size of φ100 mm × 200 mm was determined according to JIS A 1108 (JSA 2001a). Young's modulus of concrete was determined according to JIS A 1113 at the same time as testing of compressive strength (JSA 2001b) . All these tests were conducted at the ages of 0.42, 0.5, 0.67, 1, 3, 7, 14, and 28 days, and averaged values among three specimens were evaluated at each age. After demolding at a concrete age of one day, the specimens were cured under two conditions: 20 o C water curing and sealed curing at room temperature with aluminum adhesive tape to prevent the evaporation of water. Figure 3 shows the details of specimens for measurement of autogenous or drying deformation strain. All the specimens had the same cross-section as the beams used for self-induced stress (see below). After demolding at a concrete age of one day, all the specimens were sealed with aluminum adhesive tape to prevent the evaporation of water and set at room temperature. For the additional drying shrinkage specimens of the B2 series, the aluminum tape was stripped at 30 days after casting for measuring the drying shrinkage. An embedded strain gauge measuring φ20 mm × 104 mm and with a reference length of 100 mm with low elastic modulus of 39 N/mm 2 and a thermocouple were placed at the center of the specimens. Autogenous deformation as well as drying shrinkage of concrete were determined by subtract- ing thermal strain from measured strain. The coefficient of thermal expansion of concrete was assumed to be 10 × 10 -6 / o C. Measurement was begun immediately after the concrete was poured.
Deformation
Uniaxial compressive creep test
A uniaxial compressive creep test focusing on early age behavior was conducted with NC2, NES-LIME, and HC. These three mixture proportions were selected to evaluate the final creep coefficient and the rate of creep development regardless of cement type and additive. The loading ages and numbers of specimens are listed in Table 3 . Specimens measuring 200 × 250 × 300 mm 3 were prepared, and after demolding at a concrete age of one day, all the specimens were sealed with aluminum adhesive tape to prevent the evaporation of water and set at room temperature. Additional NC2 and NES-LIME specimens were prepared for measuring drying creep, and the aluminum tape was stripped 30 days after casting. An embedded strain gauge and a thermocouple identical to those used in specimens for autogenous deformation were placed at the center of each specimen. The creep strain of each specimen was determined by subtracting the thermal strain and the autogenous or drying deformation strain from the measured strain under the same condition. The autogenous deformation strain and drying shrinkage strain were determined from each specimen for the deformation measurement mentioned above and thermal strain was obtained by assuming a thermal expansion coefficient of 10 × 10 -6 / o C. The load during the creep test is fixed at a stress/strength ratio of 20%. The strength of the concrete is tested at the loading age. Fig. 4 shows details of the experimental equipment for the uniaxial compressive creep test. The stress fluctuation of the accumulation is controlled within ±5% of the targeting stress.
Self-induced stress in reinforced concrete beam
The details of reinforced concrete (RC) beam specimens for measuring self-induced stress are shown in Fig. 5 and details of the properties of reinforcing bars are listed in Table 4 . One specimen was prepared for each mixture proportion. The beams for the B1 series measured 200 mm (width) × 250 mm (height) × 2700 mm (length) and reinforcing bars measuring 19 mm in diameter and with a Young's modulus of 190 000 N/mm 2 were set at a depth of 210 mm from the extreme compressive fiber with a hook bended at both ends. Wire strain gauges were attached on the upper and bottom sides of the reinforcing bars at mid-span.
The beams for the B2 series measured 200 mm (width) × 250 mm (height) ×2400 mm (length). The reinforcing bars used for the B2 series measured 19 mm in diameter (D19), had a Young's modulus of 197 000 N/mm 2 and were grooved along their length at two opposite sides for attaching wire strain gauges. These reinforcing bars were set at a depth of 210 mm from the extreme compressive fiber without using hooks.
The beams for both S1 and S2 had the same section and longitudinal size (150 mm × 300 mm × 2300 mm). However, the S1 series had a tension reinforcing bar of D22, and 7 grooved stirrups were used over a length of 750 mm. The S2 series had main reinforcing bars of D25, and 13 grooved stirrups were used over a length of 750 mm. Both series had compressive reinforcing bars of D10. The wire strain gauges were attached on the upper and bottom sides of the reinforcing bars at mid-span and in the grooved stirrups.
Teflon sheets 1.0 mm thick at the bottom of the mold, polystyrene board 3 mm thick on both ends of the mold, and polyester film 0.1 mm thick on all the sides and bottom of the mold were applied to reduce friction between the mold and the specimen. After demolding, all the specimens were sealed with aluminum adhesive tape to prevent the evaporation of water and they were cured at room temperature. The demolding time of LS and LES was 2 days after mixing, and the demolding time for all the other types was 1 day after mixing.
Self-induced stress of concrete was obtained from the measured strain of the reinforcing bars. The averaged strain of reinforcing bars (upper and bottom measurement for the B1, S1, and S3 series, and measurement of both sides for the B2 series) was corrected by subtracting the thermal strain measured by a dummy steel bar in the beam.
Self-induced stress in concrete at the extreme bottom fiber due to restraint of reinforcing bars was determined by considering the equilibrium of force among the concrete and the reinforcing bars as well as the assumption of linear strain distribution: 
Experimental results and material model for analysis
This section presents the experimental results and the material models needed for the FE analysis and the beam theory analysis. According to the regression results, the modeling parameters as well as ,28 e t are listed in Table 5 . Experimental results and regression curves are shown in Fig.  6 . Regarding parameter a , which corresponds to the initial setting time effect, the first time during which stress was measured in the self-induced stress test was used for the regression curves.
Compressive strength and Young's modulus
⎛ ⎞ ⎛ ⎞ − ⎛ ⎞ ⎜ ⎟ ⎜ ⎟ = − ⎜ ⎟ ⎜ ⎟ ⎜ ⎟ − ⎝ ⎠ ⎝ ⎠ ⎝ ⎠(23)
Deformation
The experimental results on autogenous deformation for the B1 and B2 series are shown in Fig. 7 . As a reference, the experimental results for NE-CSA-S1 and NE-CSA-S2 are plotted as well. The data are plotted as a function of temperature adjusted concrete age from the point of view of the hydration process. Using low-heat Portland cement, shrinkage reducing agent, and expansive additive, or a combination thereof is effective for compensating autogenous shrinkage. All the concrete that has expansive additive and/or shrinkage reducing agent shows smaller autogenous shrinkage, and especially some concrete (NC2, LE-CSA, and LES-CSA) that uses expansive additive shows expansion rather than shrinkage, even though they are high-strength concrete. The effect of compensation for autogenous shrinkage at 28 days in temperature adjusted time is shown in Fig. 8 . At 28 days in temperature adjusted concrete age, NC1 showed a shrinkage value of 330 × 10 -6 . On the other hand, NS showed a shrinkage value of 300 × 10 -6 , thus approximately a 10% decrease compared to NC1, and it was confirmed that the reduction in surface tension in capillary water leads to a decrease of shrinkage.
NE-CSA and NES-CSA that include expansive additive of the CSA type showed shrinkage of 130 × 10 -6 and 160 × 10 -6 , respectively, indicating that the use of expansive additive has a marked compensating effect for autogenous shrinkage. However, it should be noted that the concomitant use effect, which means that compensated strain by concomitant use of shrinkage reducing agent and expansive additive is larger than the summation of each compensated strain, as reported by Tanimura (Tanimura et al. 2000) , could not be observed in the case of NES-CSA. This can be explained by the fact that the peak value of temperature history of NE-CSA is approximately 10 o C higher than that of NES-CSA. This difference implies different reaction between expansive additive and cement hydration in NE-CSA and NES-CSA. The quantity of expansion may be determined by the timing of the reaction of expansive additive under hardening cement paste. In this case, the high temperature history fails to catch the efficient timing for expansion. On the other hand, another explanation can be considered, as follows. The thermal coefficient is normally a function of hydration progress (e.g. Yang et al. 1999) , and the thermal coefficient at an early age in particular showed a larger value than 10 × 10 -6 , which was assumed for the calculation of thermal strain of shrinkage specimens. Thus, the smaller thermal coefficient, which is not the case in reality, with higher temperature history underestimates autogenous shrinkage in the case of NE-CSA.
The concretes with low-heat Portland cement showed smaller autogenous deformation. At 28 days in temperature adjusted time, LC showed a shrinkage of 10 × 10 -6 , LS showed non shrinkage, and LE-CSA and LES-CSA showed expansion of 295 × 10 -6 and 374 × 10 -6 , respectively. A concomitant effect of using both expansive additive and shrinkage reducing agent was observed for the concrete with low-heat Portland cement, i.e., the compensation quantity of LES-CSA, which is 384 × 10 -6 , was more than the summation of those of LE-CSA and LS corresponding to 305 × 10 -6 and 12 × 10 -6 , respectively. The compensation quantity of NES-LIME was much larger than that of NES-CSA, and NES-LIME showed an expansion at 28 days in temperature adjusted concrete age.
For the B2 series, the drying condition was imposed after 30 days casting, which corresponds to about 16 days in temperature adjusted concrete age. Fig. 9 shows the comparison of drying shrinkage with autogenous shrinkage. After 370 days in temperature adjusted age, NC2 showed a difference of 70 × 10 -6 between drying shrinkage and autogenous shrinkage. On the other hand, the difference of NES-LIME was 50 × 10 -6 . These experimental results indicate that shrinkage reducing agent is effective in drying shrinkage .
Creep properties
The results of specific creep strain for NC2 and NES-LIME in the sealed condition and drying condition are shown in Fig. 10 and Fig. 11 , respectively. The specific creep strain of NES-LIME under the sealed condition was larger than that of NC2. This result indicates that expansive concrete has a large number of pores, which can be deduced from the fact that NES-LIME has a smaller compressive strength than NC2.
On the other hand, the specific creep strain under the drying condition of NES-LIME was almost the same as that of NC2. This result indicates that the drying creep of NC2 is much larger than that of NES-LIME. Regarding this aspect, creep strain under the drying condition was compared with creep strain under the sealed condition, as shown in Fig. 12 . From this figure, it is obvious that creep strain of NC2 is much more affected by the drying condition than that of NES-LIME. This tendency coincides with the above-mentioned drying shrinkage tendency. From these experimental results, it is reasonable to conclude that the shrinkage reducing agent reduces drying creep. The experimental results of the specific creep strain also indicate that high-strength con- ) commencement of drying NC2 (sealed) NC2 (drying) NES-LIME (sealed) NES-LIME (drying) Fig. 9 Deformation of NC2 and NES-LIME under sealed condition or drying condition.
crete with expansive additive is comparable to normal high-strength concrete with regard to mechanical properties. For NC2, NES-LIME, HC, the value of the creep coefficient is determined by the ratio of creep strain to elastic strain represented by Young's modulus of sealed concrete at 28 days in temperature adjusted concrete age. The development of the creep coefficient was modeled for analysis by using an equation whose concept is based on CEB-FIP MODEL CODE 1990 (CEB-FIP 1990 : 
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are shown in Fig. 13 and Fig. 14, respectively .
In these figures, the regression curve as a function of relative Young's modulus, which are Eqs. 25 and 26, are shown. Also, cover-all curves for the data spread are shown with indications of "upper curve" and "lower curve" in Fig. 13 and Fig. 14 . These curves will be discussed in the next chapter.
Self-induced stress
Self-induced stress histories in concrete at the extreme bottom fiber of the B1 and B2 series are shown in Fig.  15 . The self-induced stress of concrete at 18.5 days in temperature adjusted concrete age, with indication of the stress compensation quantity, is represented in Fig.  16 .
NC1 showed tensile stress of 0.94 N/mm 2 and NS showed tensile stress of 0.88 N/mm 2 , meaning that shrinkage reducing agent is effective for tensile stress compensation of 6%. thus quite effective in reducing tensile self-induced stress.
Concretes with low-heat Portland cement showed small shrinkage or expansion. Stress in LC and LS were 0.19 N/mm 2 in tension and 0 N/mm 2 . LE-CSA and LES-CSA showed compressive stress of 1.24 N/mm 2 and 1.43 N/mm 2 , respectively. NES-LIME stored compressive stress of 0.49 N/mm 2 , which is the compensation quantity of 1.26 N/mm 2 to NC2. The tendency of compensation for stress corresponds to the tendency of compensation for shrinkage.
It is concluded that using low-heat Portland cement, shrinkage reducing agent, expansive additive, or a combination thereof is effective for compensating self-induced tensile stress. Their effects for tensile stress compensation are cumulative because their mechanisms are different and independent.
It is worthy of note that the quantity of compensation for shrinkage is no longer a simple relationship with the quantity of compensation of tensile stress. For instance, NE-CSA and NES-CSA stored slightly compressive stress in beam specimen at 28 days, although they showed shrinkage in free deformation at the same time.
It follows from this fact that the stress of concrete under restraint condition is determined by the balance of concrete deformation and development of elastic modulus and creep behavior. In order to illustrate such phenomenon, in Fig. 17 , which shows the case of NE-CSA, autogenous deformation strain of concrete is compared to the strain of the reinforcing bar. To begin with, autogenous shrinkage is seen as a line that declines down to the left and brings a -20 × 10 -6 level of strain in the reinforcing bar. This mild slope means weak stress transmission from the concrete to the reinforcing bar. Next, the autogenous deformation changes into expansion and at the same time the slope becomes steeper, rising to a peak in the upper right. During this stage, concrete deformation is strongly transmitted as deformation of the reinforcing bar and compressive stress is stored in the concrete. This is the schematic of stored compression in concrete.
Hence, it is vitally important to develop a model that takes into account the changing concrete properties with cement hydration in order to evaluate the effect of materials on compensation for self-induced tensile stress.
Additionally, in Fig. 17 , a mild slope is observed after the expansion peak again. This tendency, which is observed in NES-CSA as well as NES-LIME, indicates weaker transmission of deformation to the reinforcing bar after deformation peaks. The weaker transmission without deformation peak is also observed in the case of NC1 shown in Fig. 18 . On the other hand, LE shows an increase in transmission of deformation to the reinforcing bar as shown in Fig. 19. 
Analysis
Basic assumptions for analysis
The proposed FE analysis requires modeling of the de- Fig. 16 Self-induced stress in concrete at extreme bottom fiber at 18.5 days in temperature adjusted concrete age and compensation of tensile stress by low-heat cement, shrinkage reducing agent, expansive additive, or combination thereof. velopment of Young's modulus, history of temperature, and autogenous deformation, Poisson's ratio, Thermal coefficient, and creep coefficient behavior. With regard to the history of autogenous deformation and temperature, analysis was carried out with experimental data. The creep model, which is shown in section 4.3, is assumed to be applicable to the case of tensile creep.
The Poisson's ratio of concrete is assumed to be constant as a value of sealed concrete at 28 days, as shown in Table 5 , and a value of 0.30 was adopted as the Poisson's ratio of the reinforcing bar. Values of the thermal coefficient are assumed to be constant as well. The value of 10.0 × 10 -6 / o C for the concrete and the value of 11.8 × 10 -6 / o C for the reinforcing bar were adopted.
Isoparametric elements with 8 nodes were adopted for the FE analysis, and 2792 elements and 3474 nodes were used for the beam specimens of the B1 and B2 series, which are shown in Fig. 20 .
The S1 series use 2782 hexahedron elements with 153 line elements for stirrups and the S2 series use 3425 hexahedron elements with 240 line elements. The division of the mesh for the FE analysis takes into account the symmetry of the specimen. The hooks in the B1 series are ignored as the discussion will focus on the center part of the beam specimen and as the transfer length is considered to be sufficient (Takeuchi et al. 1997) .
In the proposed FE analysis, non-cracking in early age is assumed, as this micro-cracking in early age is a recent matter of argument and the criteria of cracking in early age are still ambiguous. However, the possibility of cracking in the vicinity of reinforcing bars still remains. Regarding this aspect, the possibility of cracking and the effect of cracking on self-induced stress will be discussed indirectly through analysis results.
Sensitivity of FE analysis to number of intervals
Sensitivity of the applied analysis to the number of intervals may result in difficulty in evaluation of the proposed FE model. Hence, case studies of NC1 with different number of intervals, namely 17, 27, and 57 intervals, were executed. Fig. 21 shows the obtained results.
The incremental time intervals correspond to the constant incremental free deformations in each case. The resulting stress in the reinforcing bar with 17, 27, and 57 intervals are 30.8 N/mm 2 , 30.6 N/mm 2 , and 31.0 N/mm 2 , respectively. It follows from these results that sensitivity to the number of intervals is minor for the proposed analysis and it may make less than a 1.5% difference in results under the condition of more than 17 intervals.
Sensitivity of FE analysis to creep function
In the proposed FE analysis, the creep coefficient model shown in Figs. 13 and 14 was adopted. These are the curves of ultimate creep coefficient and coefficient for the rate of creep development as a function of relative Young's modulus that are obtained without regard to cement type and additive type. However as it can be seen in Figs. 13 and 14 , the data are spread around regression curves. Hence how these variations of data affect simulation results should be grasped.
In both Figs. 13 and 14, cover-all curves, namely "upper curve" and "lower curve", are shown. These curves lead to 4 types of creep coefficients, i.e., H β of upper and φ of upper (bUfU), H β of lower and φ of lower (bLfL), H β of upper and φ of lower (bUfL), and H β of lower and φ of upper (bLfU), which is represented in Fig. 22 . Among results of the FE analysis with these creep coefficients, bUfL gives the maximum value of stress in the reinforcing bar at 28 days, 34. 
N/mm
2 , while the FE analysis with the regression curve marks a value of 32.4 N/mm 2 (see Fig. 23 ). Accordingly, the variation of the creep coefficient in Figs. 13 and 14 has a small effect on the simulation and it results in a ±5% difference. It is concluded that variation in the creep coefficient produces variation in simulation results within ±5% on the condition that the concrete is high strength, which is characterized by a low water-to-binder ratio of less than 0.3.
Comparison of experimental results
The experimental results of the beam specimens were evaluated with the proposed FE analysis and beam theory. Stress in reinforcing bars and stirrups, and concrete at the extreme bottom fiber are presented with input data of temperature history as well as deformation history. The highest accuracy cases, LES-CSA and NC4, are shown in Figs. 24 and 25, respectively, and the worst accuracy case, NE-CSA, is presented in Fig. 26 . The simulation results obtained with the proposed beam theory are plotted as well. In these analysis, the regression curves of Young's modulus underestimate experimental data during ages of 3 to 7 days. However, this is insignificant in the results of the FE analysis. For instance, in the case of NE-CSA, experimental Young's modulus leads to 0.6 N/mm 2 bigger tensile stress in RB at concrete age of 6 days.
Stress in the reinforcing bar by FE analysis is calculated by averaging z-axis values at 8 nodes of each of the 4 elements centered in the reinforcing bar. The stress in the concrete at the extreme bottom fiber is the averaged values of 8 nodes of the element that is placed at the bottom in the y axis and the center in the x and z axes of the beam specimen. On the other hand, the stress in the concrete at the extreme bottom fiber by the beam theory is calculated based on the assumption of linear strain distribution.
To evaluate the accuracy of the FE analysis, comparisons are plotted in Fig. 27 selecting three inflection points for each concrete that are observed at approximately 1, 4, and 28 days.
The FE analysis follows precisely the behavior of all the specimens, even the behavior of concrete strain from tensile stress to compressive stress, which cannot be simulated by the effective modulus method (Sato et al. 1999a) . However, in a few cases, namely NES-CSA, NE-CSA, and NES-CSA-S2, the FE analysis results diverged from the experimental results after 10 days and a difference of approximately 5 N/mm 2 remained in the tensile reinforcing bar at 28 days. These three specimens exhibited similar behavior of deformation. The deformation of these specimens showed a sudden drop and the minimum value of the shrinkage strain was obtained at about 0.5 days followed by a slight expansion until 3 days. After the peak at 3 days, the specimen showed a second mild shrinkage behavior. This deformation behavior brings the steep increase of tensile stress in concrete at approximately 0.5 days followed by a gradual decrease. In this case, under the shrinkage process, cement particles with expansive additive are hydrating and forming an optimum matrix in the vicinity of the reinforcing bar under shear stress. This compacted structure, however, may be injured by the E-CSA reaction and this may result in micro-cracks. In the expansion period, the injured matrix seems to be sound because the micro-cracks are unopened and bear compressive stress. On the other hand, in the shrinkage period, these mi- cro-cracks may lead to weak transmission of deformation under tensile stress field. This phenomenon does not apply to the case of concrete using E-CSA with low-heat Portland cement. In this case, the slow process of hydration may absorb the shock of reaction by E-CSA, resulting in a sounder matrix. The evidence for this explanation and micro-cracking remains a topic for future study.
The good agreement of experimental data with the FE analysis results indicates that concrete with expansive additive, which is considered to have non-linear properties in stress-strain relation on the normal strength level, has the same linear stress-strain relationship as that of normal concrete when it has a low water-to-binder ratio.
Hypothesis of constant work of expansive concrete
Tsuji suggested the hypothesis that a work stored in a unit volume of expansive concrete under restraint condition is constant at the final state in deformation behavior (Tsuji 1980) . Applicability of this hypothesis is evaluated by FE analysis with reinforcement ratios of 2.5 %, 1.15 %, and 0.5 %. In Fig. 28 , results of work U by NES-LIME for different reinforcement ratios are plotted and a disconformity of U is noted. Thus, the linear stress-strain relationship does not coexist with the hypothesis of the constant work stored in a unit volume of expansive concrete when the expansive concrete is strengthened, although this hypothesis is confirmed under the uniaxial centering restraint condition and final state of deformation.
Proposed beam theory
In Fig. 29 , comparisons of simulation results by the beam theory with experimental data are plotted for the same concrete ages as in Fig. 27 . The accuracy of simulation is almost the same level as that obtained with the FE analysis.
Comparisons of simulation results obtained with the beam theory with results obtained with the FE analysis are plotted in Fig. 30. Fig. 30 shows a good agreement of the beam theory results with the FE analysis results even in the case of the S1 and S2 series that have stirrups. These results imply that the restraint condition normal to the longitudinal direction in beam is a somewhat minor problem from the viewpoint of engineering.
Hence it seems reasonable to conclude that the proposed practical model is quite useful for evaluating the stress in a beam with normal high-strength concrete as well as expansive concrete, and this beam theory is applicable to cases with stirrups that bring a three dimensional restraint condition to concrete.
Conclusions
1. It was confirmed experimentally that using low-heat Portland cement, shrinkage reducing agent, expansive additive, or a combination thereof, has an effect on reducing autogenous shrinkage, and that their compensation effect is independent and cumulative. It was also found that it is possible to create expansive high-strength concrete through the concomitant use of low-heat Portland cement and expansive additive, or through the use of lime type expansive additive in a low water-to-binder ratio.
2. The compensation for shrinkage, which is induced by using low-heat Portland cement, shrinkage reducing agent, expansive additive, or a combination thereof, reduces the tensile stress in beam specimens. Their effects on compensation of tensile stress are cumulative. NE-CSA and NES-CSA stored a small compressive stress in the beam specimen at 28 days, though they showed free deformation shrinkage at the same time. This fact indicates the importance of developing a model that takes into account the changing concrete properties with cement hydration, in order to evaluate the effect of materials on compensation for self-induced tensile stress.
3. Three-dimensional FE analysis based on the principle of superposition and a linear stress-strain relationship is proposed. This analysis evaluates the stress and the strain of concrete under restraint condition using models of Young's modulus, creep coefficient, history of autogenous deformation and temperature. The proposed FE analysis is able to precisely simulate the behavior of beams, even ones with expansive high-strength concrete, such as LE-CSA LES-CSA, NES-LIME.
4. The good agreement of the experimental data with the FE analysis results leads to the conclusion that concrete with expansive additive has the same linear stress-strain relationship as that of conventional high-strength concrete when it is strengthened by a low water-to-binder ratio. In a few cases, namely those of NE-CSA, NES-CSA, and NES-CSA-S2, the results of the FE analysis diverge from the experimental results. This does not occur in the cases of concrete using E-CSA with low-heat Portland cement. This fact implies that micro-cracking may occur at the vicinity of reinforcing bars. The mechanism of this behavior, including the experimental confirmation of micro-cracking, is a topic for further study.
5. From the case study, the linear stress-strain relationship of expansive concrete does not coexist with the hypothesis that the work stored in a unit volume by expansive concrete is constant when the expansive concrete has a low water-to-cement ratio.
6. As a practical calculation method, the beam theory, which is based on the same concept, is proposed as well. The proposed beam theory is useful for evaluating the stress in the beam with conventional high-strength concrete as well as expansive concrete, and this beam theory is applicable to cases with stirrups, which introduce a three-dimensional restraint condition to concrete.
7. From a mechanical point of view, it is possible to evaluate the stress and strain of conventional high-strength concrete as well as expansive high-strength concrete by the proposed methods, while further investigations for long-term durability are needed for the practical use of expansive high-strength concrete.
